Abstract. Malaria is one of the most common infective diseases in the world. Invasion of host erythrocytes by the malaria parasite is crucial for pathogen survival and pathogenesis. Various proteins mediate parasite invasion and identification of novel invasion-related proteins may aid in elucidating the underlying molecular mechanism and new intervention strategies for malaria control. This study characterized the PfTip protein, a homolog of the human T-cell immunomodulatory protein, and examined its function in preventing parasite infection. Bioinformatics analysis and experimental validation were adopted in the present study. Bioinformatics analysis showed that PfTip has a β-propeller fold in its structure and is highly expressed at the early ring stage. TNFRSF14 was predicted to be a candidate interactant of PfTip. Further analyses showed that PfTip blockage by sera inhibited erythrocyte invasion by the malaria parasite. The protective effect of PfTip was further confirmed through in vivo analysis. To the best of our knowledge, this study is the first to provide evidence on the function of PfTip in erythrocyte parasite invasion. Additional assays involving the receptor of this protein are currently underway.
Introduction
Malaria is a tropical disease that results in millions of fatalities every year. The World Health Organization estimated that there were 207 million malaria cases and 627,000 estimated malaria-related fatalities in 2012 in their Malaria Report 2013 (1) . Although the incidence and associated mortality of malaria are decreasing, the absolute number of malaria cases remains significantly large due to the absence of an effective vaccine and the increase in drug-resistant parasite strains (2) .
Erythrocyte invasion is the first step in the intraerythrocytic developmental cycle of Plasmodium falciparum. This parasite invades red blood cells (RBCs) through micronemes and rhoptry protein secretion, tight junction formation, and actomyosin assembly (3) . A previous study established that disrupting the interactions between parasite and erythrocyte proteins prevents malaria parasite infection (4) . Therefore, the identification of novel parasite proteins that are involved in RBC invasion has become a hotspot in malaria research. The inhibitions of several parasite proteins by gene knockout or antibodies has been demonstrated to provide protection against malaria infection. For instance, rhoptry neck protein 2 (PfRON2) can be secreted into RBCs and form complexes under the RBC membrane. However, several regions of PfRON2 can be left exposed to the extracellular environment. The microneme protein PfAMA1 bound to the exposed region of PfRON2 can form tight junctions between malaria parasite and RBCs. PfAMA1 knockout inhibits tight junction formation, thereby impairing erythrocyte invasion (5) . In addition, the erythrocyte binding antigen PfEBA-175 is secreted onto the apical merozoite surface of malaria parasite. The binding of PfEBA175 to its RBC receptor gly-A triggers the secretion of rhoptry proteins. Gly-A cannot trigger rhoptry release when EBA-175 knockout mice are used (6) . Other parasite proteins, such as PfRh5 and PfMtrap, also participate in the invasion process (7) (8) (9) . The identification of novel proteins involved in the parasite invasion of RBCs is underway. Parasite proteins that are highly expressed at the schizont stage or early ring stage, or those that contain domains involved in cell-cell adhesion, are usually considered to be candidate invasion-related proteins.
The malaria parasite protein Pf Tip (Gene ID, PF3D7_0529000) is a homolog of the human ITFG1, which is a T-cell immunomodulatory protein (10) . The protein contains four successive VCBS domains, which exist in multiple copies in long proteins from Vibrio, Colwellia, Bradyrhizobium, and Shewanella (hence the name VCBS), and fewer copies in proteins from bacteria. This domain is involved in cell-cell adhesion (11, 12) . Proteins possessing this domain are usually involved in cell-cell contact. Whether or not PfTip can mediate parasite-erythrocyte interaction has yet to be determined. Determining the role of PfTip in RBC invasion by the malaria parasite may aid in elucidating the mechanism of invasion and provide a novel intervention strategy for malaria control.
The present study aimed to characterize the PfTip protein.
The sequence of PfTip was analyzed, its 3D structure was modeled, its expression feature was identified, and its interactant was predicted. The protective effect of PfTip inhibition was also evaluated through in vitro and in vivo experiments.
Materials and methods
Data sources and analysis tools. The protein sequences of PfTip and its homologs were obtained from PlasmoDB (http://plasmodb.org/plasmo/). Domain identification was performed using the PFAM database (http://pfam.xfam.org/) (13) . Protein-protein interactions were obtained from the BioGrid database (http://thebiogrid.org/) (14) . Signal peptide and transmembrane domain were predicted using SignaIP and TMHMM servers (http://www.cbs.dtu.dk/services/), respectively. The secondary structure of PfTip was predicted using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) (15) .
Structure modeling of PfTip. Building the structure of PfTip involves template identification, alignment of the template with the target, building of the model, and evaluation of the obtained structure (16) . The PDB database was searched through HHsearch (HHsuite 3.0; Max Planck Gesellschaft, Berlin, Germany). Three templates with the highest sequence similarities were selected as templates to build PfTip models. Building the PfTip model included four steps: Template selection, sequence alignment, model building and evaluation of the obtained 3D structure. Initially, the PDB database was searched using HHsearch/HHpred to identify the templates. Three templates with the highest sequence similarities to the PfTip extracellular region were selected, including 2c4d.1.A, 4tqj.1.A and 4igl.1.A. Secondly, models were built based on selected templates using Swiss-model workspace. Finally, the local quality of built models was accessed by QMEAN6. The model built using 2c4d.1.A had the highest score and was considered to be the best structure. The alignment was then manually adjusted to improve the model quality further. The global qualities of the built models were verified using QMEAN6 (17) . The model with the highest QMEAN6 Z-score was considered as the best 3D structure of PfTip. The local quality and structure of the best model were accessed through ProQ2 and PROCHECK (18, 19) .
Fast fourier transform (FFT) analysis.
FFT analysis was performed to detect genes specifically involved in the cell cycle (20) . The procedure maps an expression signal in the time domain toward the frequency domain, thereby showing the amplitude of each frequency present in the expression signal. Through this method, it is possible to filter the expression signal that is inherently noisy or lacks differential expression and identify the major frequency of a particular gene in the life cycle of the malaria parasite. The formula of a simple FFT is expressed as follows:
Where N is the length of expression signal and k represents the frequency. The expression signal of PfTip was obtained from the published microarray data on the intraerythrocytic developmental cycle of P. falciparum (21) . The major frequency of the PfTip expression signal can be determined through FFT analysis (22) . The peak expression time point can be estimated using the following formula:
Where P represents the phase of the major frequency. FFT analysis was implemented in MATLAB 2012b (MathWorks, Natick, MA, USA).
Expression and purification of the PfTIP-GST protein.
The genomic DNA was isolated using the Genomic DNA Prep kit (Tiangen Biotech Co., Ltd., Beijing, China) and was set as the template for amplification. The DNA sequence encoding the ectodomain (48 to 674 aa) of PfTip was amplified through polymerase chain reaction (PCR) using the forward primer 5'-GCG GAT CCA GGA TA AAA TCA TTT TAT GTT GAA GCA-3' and the reverse primer 5'-GCC TCG AGT TA TTT GGA TGG ATT AAC TGA GAG TTG-3'. The components of the reaction system were: PrimerSTAR Max Premix (25 µl), forward primer/reverse primer (1 µl), template (1 µl), water (<50 µl). The thermal cycling conditions were as follows: 95˚C for 5 min, followed by 35 cycles of 94˚C for 30 sec, 52˚C for 30 sec, 72˚C for 2 min, and a final extension for 5 min at 72˚C. Following being digested with BamHI and XhoI (Takara Bio, Inc., Shiga, Japan), the fragment was inserted into pGEX-4T-1 (GE Healthcare, Fairfield, CT, USA) to express a GST fusion protein. Firstly, the vector pGEX-4T-1 and PfTip DNA fragment were digested by BamHI and XhoI for 2 h at 37˚C, followed by agarose gel electrophoresis. The target bands were cut and DNA fragments were harvested using a gel extraction kit (Omega Bio-Tek Inc., Norcross, GA, USA) and then the vector pGEX-4T-1 and PfTip DNA fragment were ligated overnight at 16˚C using T4 ligase (New England Biolabs, Ipswich, MA, USA). The recombinant plasmids were transformed into XL-10 competent cells and were incubated on agar LB containing ampicillin for 12 h. The transformed clones were picked and transferred into 10 ml of LB. Following being incubated overnight at 37˚C, bacteria cells were harvested and plasmids were extracted. The correct open reading frame was confirmed by DNA sequencing. Following checking the correct sequence, the plasmids were transformed into Escherichia coli BL21 cells (Takara Bio., Inc.). First, the recombinant plasmids and competent cells were placed in tubes, mixed and then stored on ice for 30 min. The tubes were then transferred into a preheated 42˚C water bath for 90 sec. The tubes were immediately transferred to an ice bath and the cells were allowed to chill for at least 2 min. Subsequently, 800 µl of LB was added to the tube and the cells were agitated gently for 50 min in a rotary shaker. Finally, the transformed competent cells were transferred onto agar LB containing ampicillin and were incubated at 37˚C for 12 h. To express the recombinant protein PfTip-GST, IPTG (final concentration of 0.1 mM; Merck Millipore, Darmstadt, Germany) was added to the medium. Following further cultivation at 20˚C for 10 h, the bacterial samples were harvested. The parasite pellet was kept on ice and was sonicated for three cycles with 20 sec pulses using an ultrasonicator (Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) with a 2 mm tip (60 watt model, 30% of maximum power). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was employed to determine PfTip expression. To purify the PfTIP-GST protein, the target band (~97 kD) was cut, destained, ground with liquid nitrogen, and then dissolved in phosphate-buffered saline (PBS) containing 8 M urea (Absin Bioscience, Shanghai, China). Following centrifugation at 12,000 x g for 10 min, the supernatant was collected and the protein concentration was determined through a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Generation of anti-PfTip sera. Two New Zealand white rabbits of the same breed were purchased from the Animal Care Facility at the Fourth Military Medical University (Xi'an, China). The present study was evaluated and approved by The Fourth Military Medical University Animal Care Committee. The rabbits were raised in standardized pathogen-free conditions at 20±2˚C and 60±5% humidity, under a 12/12 h dark/light cycle. They were kept individually in steel cages with free access to food and tap water. To harvest the antisera, the rabbits were anesthetized by intramuscular injection of ketamine/xylazine (40 mg/kg; Sigma-Aldrich) and then blood was obtained through the carotid artery. To generate anti-PfTip sera, the rabbits were immunized by subcutaneously injecting 100 µg of purified PfTip-GST protein mixed with complete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO, USA). Animals injected with the adjuvant alone served as controls. Immunization was performed three times every 2 weeks. Sera were extracted 2 weeks after each immunization. The PfTip antibody titer of the sera was determined through enzyme-linked immunosorbent assay (ELISA). When the antibody titer was ideal, the rabbits were sacrificed and sera were extracted.
ELISA. ELISA was performed to determine the PfTip antibody titer of the sera. Each well was coated with 2 µg purified PfTIP-GST protein at 37˚C for 1 h and then at 4˚C overnight. The following day, the wells were washed three times with PBS with Tween-20 (PBST) and then blocked at 37˚C for 1 h with 5% non-fat milk. Sera samples diluted with blocking buffer (1:50; Beyotime Institute of Biotechnology, Shanghai, China) were added to each well and then incubated at 37˚C for 1 h. After washing with PBST, 100 µl diluted horseradish peroxidase (HRP)-conjugated polyclonal sheep anti-rabbit IgG (cat. no. A0208; Beyotime Institute of Biotechnology; 1:5,000) or polyclonal anti-mouse IgG (cat. no. A0216; Beyotime Institute of Biotechnology; 1:5,000) was added into each well and then incubated at 37˚C for 1 h. Excess IgG-HRP was removed by inverting the plate. TMB reagent (Beyotime Institute of Biotechnology) was added to each well to produce color. The absorbance of each well at 450 nm was measured and analyzed using a BIOBASE-EL10A ELISA microplate reader (Biobase Biodustry, Co., Ltd., Shandong, China).
Western blot analysis. Infected RBCs were lysed with 0.01% saponin (Sangon Biotech Co., Ltd., Shanghai, China) and then centrifuged at 12,000 x g for 10 min. The parasite pellet was suspended in PBS, lysed through four freeze/thaw cycles, and then sonicated for 3X 20 sec on ice. The cell lysate was centrifuged at 12,000 x g for 20 min. The supernatant was collected, and the protein concentration was determined through a BCA assay. The cell lysate (50 µg) was loaded per lane for separation through electrophoresis. The proteins were transferred to polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA. USA), which were then blocked with 5% non-fat milk in Tris-buffered saline for 1 h at room temperature. The anti-PfTip sera were added to the membranes and then incubated at 4˚C overnight. After washing three times with PBST, the membranes were hybridized with polyclonal rabbit anti-human (1:1000; cat. no. T528; Signalway Antibody LLC, College Park, MD, USA) GST-Tag secondary antibody conjugated with IRDye 800 (LI-COR Biosciences, Lincoln, NE, USA) and then incubated for 1 h. Blots were imaged using an infrared imaging system (Odyssey ® ; LI-COR Biosciences).
Reverse transcription-quantitative PCR. Total RNA was extracted from the malaria parasite using TRIzol (Takara Bio, Inc.) and then reverse transcribed according to the manufacturer's instructions (Takara Bio Inc., Shiga, Japan). The obtained cDNA was used as the template for quantitative PCR. A PrimeScript™ RT reagent kit (Takara Bio, Inc.) was used for cDNA synthesis. The reaction system consisted of the following components: 5X PrimeScript Buffer (2 µl), 1X PrimeScript RT Enzyme mix I (0.5 µl), 50 µM Oligo dT Primer (0.5 µl), 100 µM random 6 mers (0.5 µl), total RNA (0.5 µg) and RNase Free dH 2 O (up to 10 µl). The primers (Sangon Biotech Co., Ltd.) used for the amplification of PfTip and the internal control gene (PF07_0073, Seryl-tRNA synthetase) were as follows: PfTip, 5'-GGG GTA ATG CTC ATG GAC CT-3' (forward) and 5'-GGG AAA T GTG CTG ACT GGC T-3' (reverse); and PF07_0073, 5'-CAA GTA GCA GGT CAT CGT GGT-3' (forward) and 5'-CAA GTT CGG CAC ATT CTT CCA-3' (reverse). The PCR reaction system consisted of 12.5 µl of SYBR Green I Master mix (Takara Bio, Inc.), 500 nM each primer, and 2 µl of the template in a total volume of 25 µl. An Agilent Mx3000P QPCR System was used (Agilent Technologies, Inc., Santa Clara, CA, USA) for PCR. The thermal cycling conditions were as follows: 95˚C for 5 min, followed by 40 cycles of 94˚C for 10 sec, and 60˚C for 15 sec. The relative mRNA level of PfTip was quantified using the ΔΔCq method (23) .
In vitro invasion assay. The invasion assay was conducted according a previous method (24) . P. falciparum was cultured in RPMI-1640 medium supplemented with 10% human serum and erythrocytes (2% hematocrit) at 37˚C and then flushed with a gas mixture containing 5% O 2 , 5% CO 2 and 90% N 2 .
The medium was changed every 48 h. For the invasion assay, P. falciparum was synchronized as previously described (25) . When the parasite reached the trophozoite or schizont stage, MACS (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) magnetic bead separation column was used for separation of parasitized RBCs. Then the parasitemia was adjusted to 5% and was cultured in 96-well plates with 180 µl of medium. Each well contained 20 µl of PfTip-immunized sera or control sera. After 20 h of cultivation, Giemsa (Beijing Dingguo Biotechnology Co., Ltd., Beijing, China) staining smears were utilized to determine the ring stage parasitemia. An Olympus BX51 microscope (Olympus Corporation Tokyo, Japan) was used to observe Giemsa staining. The percent inhibition was calculated using the following formula:
Where P pf and P con represent the ring stage parasitemia after the addition of PfTip-GST sera and control sera, respectively.
In vivo protection test. A total of 14 female BALB/c mice aged 6-8 weeks were purchased from the Animal Care Facility at the Fourth Military Medical University and were divided into two groups, the treated group (n=8) and the control group (n=6).
The animal experiments were approved by the Fourth Military Medical University Animal Care Committee. The mice were raised in pathogen-free conditions at 20±4˚C and 60±5% humidity, under a 12/12 h dark/light cycle. The survival time of these mice were monitored for 25 days after intraperitoneal injection with Plasmodium berghei. All mice died within this period of time. The mice were subcutaneously injected with 10 µg PfTIP-GST protein mixed with the adjuvant three times every 2 weeks, and mice injected with the adjuvant alone served as controls. Sera were extracted 2 weeks after each Total number of residues 259 injection. ELISA was performed to determine the antibody titer of the obtained sera. Mice with high levels of antibody titer were selected for further protection tests. The mice were administered with 1.0x10 6 Plasmodium berghei-infected RBCs through intraperitoneal injection. The survival time in days of the experimental mice was recorded. The animal experiments were permitted by the Fourth Military Medical University Animal Care Committee, and all animal studies were performed in compliance with the university institutional guidelines.
Statistical analysis. Statistical analysis was performed using statistic toolbox of MATLAB 2012b. Data are presented as the mean ± standard deviation. One-way analysis of variance was used to compare two or more groups. The survival ratio was compared using Log-Rank test. P<0.05 was considered to indicate a statistically significant difference.
Results

Sequential analysis and structural modeling of Pf Tip protein.
PfTip, consisting of 719 aa, was encoded by a single exon in the P. falciparum genome. The protein sequence scans of PfTip by TMHMM and SignaIP indicated a signal peptide in its N-terminus (1 to 28 aa) and a transmembrane domain in its C-terminus (678 to 697 aa) (Fig. 1A) . Thus, PfTip was considered as a membrane protein and was expected to be expressed on the surface of the malaria parasite. However, this protein may not function as a receptor signal transducer from the outer to the inner parts of the cell as only 22 amino acids were predicted to be located in the cytoplasm. Searching the Pfam database for the ectodomain of this protein sequence, four successive VCBS domains (95 to 351 aa) were identified in this protein (Fig. 1A) . The results of homolog identification through sequence alignment indicated that proteins containing the VCBS domain can be found in viruses, bacteria, protista, fungi, and animals but not in certain plants, including Oryza sativa and Arabidopsis thaliana. The results of secondary structure prediction by PSIPRED suggested the presence of 40 β-strands in the PfTip ectodomain. However, no α-helix was predicted in this region, implying that the structure of PfTip ectodomain is a member of the β-fold superfamily.
To investigate the potential 3D structure of this protein, the PfTip extracellular region (95 to 356 aa) consisting of four successive VCBS domains was modeled using the Swiss-Model Workspace. The model built using the template Psathyrella velutina Lectin (PDB: 2c4d) had the highest QMEAN6 score (0.45, normalized Z-score) and was selected as the 3D structure of PfTip (Fig. 1B, upper panel) . The Ramachandran plot showed that 99.6% residues were placed in allowed regions, except for one residue (LYS47, Table I, and Fig. 1C ). The built 3D structure (Fig. 1D) shows the presence of β-sheets, coils, loops, and turns but not α-helixes. This finding is concurrent with the secondary structure prediction results. Furthermore, the β-strands in PfTip formed a β-propeller fold, which is also found in neuraminidase from the influenza virus (26) . Proteins consisting of this fold usually participate in cell-cell contact and in pathogenic organism invasion of host cells (27) , suggesting that PfTip may be an invasion-related protein. PfTip ectodomain has a low sequence similarity to the template (only ~17.43% identity); thus, accurately modeling the native structure of PfTip is difficult. The assessment of the local quality of the obtained model revealed that the loop (99-122 aa) connecting two β-meanders was not well built (Fig. 1D, indicated by small arrow) . However, our model provided a clue for unraveling the function of PfTip.
Expression profile and interactant prediction of Pf Tip.
Investigating the expression profile of PfTip may aid in elucidating the function of this protein. Proteins associated with invasion should be highly expressed on the surface of merozoites or in the schizont stage. Although gene expression is highly dynamic in the intraerythrocytic developmental cycle of P. falciparum, a striking nonstochastic periodicity can be observed for the majority of expression profiles. Considering the cyclical nature of gene expression, FFT analysis was performed to evaluate PfTip expression and its peak expression time point. After the parasite invasion of RBCs, PfTip expression decreased and had the lowest value in the trophozoite stage (Fig. 2A, left panel) . However, PfTip expression began to rebound when the parasite reached the schizont stage. Compared with several parasite genes with more than one frequency in the asexual intraerythrocytic developmental cycle of P. falciparum, PfTip has only one frequency ( Fig. 2A,  right panel) . Its peak expression time point was estimated to be 3.1 h (T peak calculation in methods), suggesting that PfTip was highly expressed at the early ring stage. Further experimental validation of PfTip expression by RT-qPCR indicated that this protein was highly expressed at the schizont and early ring stages. The expression level of PfTip at the early ring stage was almost three times higher than that at the trophozoite stage. Thus, based on its expression pattern, PfTip is hypothesized to be an invasion-related protein.
The prediction of proteins interacting with PfTip may aid in elucidating the mechanism by which PfTip mediates RBC invasion by the malaria parasite. Considering that the protein domain is evolutionarily conserved and that protein-protein interactions are predominantly achieved through domain-domain interactions, a homolog method was employed to predict the interactant of PfTip. In this method, the homologs of a protein are considered to have the propensity to bind with the interactants of the protein. Basing on this concept, the BioGrid database was searched and 10 proteins that reportedly physically interact with ITFG1, the homolog of PfTip in human were identified. However, no protein was found to interact with the PfTip homologs from other species, including Caenorhabditis elegans, Drosophila melanogaster, and Mus musculus. The interaction partner of PfTip, as a membrane protein, should be expressed on the surface of erythrocytes. Combining the prediction results of SignaIP and TMHMM, nine proteins were removed that were not expressed on the surface of RBCs, leaving TNFRSF14 as the candidate partner of PfTip (Table II) . TNFRSF14 has previously been demonstrated to be a receptor of BTLA (28) . A previous study showed that TNFRSF14 functions as a co-stimulator of T cells (29) . Whether or not TNFRSF14 
Experimental validation of Pf Tip function in invasion.
Considering that PfTip contains the VCBS domain in its structure and is highly expressed in the early ring and schizont stages, it was hypothesized that PfTip is an invasion-related protein. Thus, PfTip blockage may inhibit malaria parasite invasion and confer protection. To experimentally validate the function of PfTip in erythrocyte invasion, a plasmid expressing the fusion protein PfTip-GST (Fig. 3A, left panel) was constructed. Then, rabbits were immunized three times using the purified PfTip-GST protein to generate an antibody recognizing the PfTip protein. The results of western blot analysis indicated that the obtained rabbit serum can specifically recognize PfTip (Fig. 3A, right panel) .
The interaction between PfTip and its receptor was blocked using the obtained immune serum to evaluate whether or not PfTip blockage inhibits parasite invasion. The ring stage parasitemia was examined and used for percent inhibition computation. As shown in Fig. 3B , the ring stage parasitemia observed in the PfTip-immunized group was significantly lower than that in the control group (P<0.05). The parasitemia decreased by almost 35%. This finding demonstrated that PfTip blockage by the immune serum inhibited RBC invasion by the malaria parasite. However, the underlying molecular mechanism requires further investigation as the surface protein of RBCs that interacts with PfTip has not yet been identified.
To test the protection activity of PfTip, an in vivo experiment was performed. Given that the protective effect of PfTip cannot be validated in humans, a mouse model was used instead. Mice were immunized with the PfTip-GST protein three times to produce a relatively high level of antibodies in mouse sera (Fig. 3C, upper panel) . The PfTip-immunized serum can also recognize PbTip due to the high sequence similarity (~85%) between PbTip and PfTip (Fig. 3C, lower  panel) . This result suggests that the antibody induced by PfTip can effectively block the interactions between PbTip and its partner. To confirm the protective effect of PbTip blockage, the mice intraperitoneally injected with P. berghei were monitored for up to 25 days. Despite the lack of difference in survival rate between the two groups, the survival curve was delayed when PfTip was injected (Fig. 3D, lower panel) . The mean survival time of these two groups were 12.5 and 23.5 days, respectively. Statistical analysis indicates that the difference was significant (P=0.0496). This result demonstrates that PfTip injection into mice confer a slight resistance to the lethal malaria parasite infection.
Discussion
Erythrocyte invasion by malaria parasite is a complex biological process. Various parasite proteins, including PfAMA1 and PfRh5, participate in this invasion process (30, 31) . The interactions between parasite and erythrocyte proteins facilitate the adhesion of the parasite to RBCs, subsequently initiating the invasion process. The identification of proteins associated with this process may aid in elucidating the molecular mechanism related to the parasite invasion of RBCs and potentially provide a novel strategy for malaria control. In the present study, PfTip was characterized and demonstrated that PfTip consists of four successive VCBS domains and PfTip expression at the schizont and early ring stage was relatively higher compared with that observed in the trophozoite stage. In addition, PfTip blockage by sera inhibits parasite invasion and provides protection. However, further studies regarding the protection mechanism employed by PfTip are required.
Regarding the structure of PfTip, the model of PfTip ectodomain was generated through homology modeling. Although the local quality of several regions of this model was not ideal due to the low sequence similarity with the template, the score of the global quality revealed that the developed model was relatively reliable. The structure of the ectodomain composed of four successive VCBS domains shows a part of the β-propeller fold. This fold is a type of a β-strand architecture characterized by several β-sheets toroidally arranged around a central axis (12) . The assembly of multiple β-sheets repeatedly forms the structure domain responsible for protein-protein interaction. This fold can be found in several enzymes and membrane proteins (26, 32) . For instance, the influenza virus protein neuraminidase possesses a β-propeller fold. This protein is present in the virus envelope and catalyzes the cleavage of sialic acid moieties from cell membrane proteins to aid in the invasion of host cells. Thus, the built model suggested that PfTip may be an invasion-related protein.
The study on the expression pattern of PfTip also supported this hypothesis as PfTip is highly expressed at the early ring and schizont stages.
If PfTip is an invasion-related protein, then its blockage should theoretically inhibit RBC invasion by the malaria parasite. This speculation was supported by the results of in vivo and in vitro experiments. In the in vitro experiment, PfTip blockage using sera significantly suppressed the parasite invasion of RBCs and subsequently reduced ring parasitemia. In the in vivo experiment, the survival curve of the PfTip-immunized mice was delayed, indicating the protective effect of PfTip injection. The delay in the survival curve may be attributed to two reasons. First, the antibody induced through PfTip injection impaired the invasion ability of malaria parasite and thus reduced the parasite burden required to initiate the pathways of severe malaria. Second, PfTip probably enhanced host immunity against parasite infection. This phenomenon can be attributed to the fact that ITFG1, a homolog of PfTip in humans, can stimulate the T cell secretion of γ-interferon (10) . The interactions between the T-cell receptor and the VCBS domain were evolutionarily conserved. Thus, the injection of PfTip in mice may also lead to T cell activation, subsequently enhancing the host immunity against parasite infection. Although the co-stimulator TNFRSF14 was predicted to be the receptor of PfTip protein, we did not experimentally validate this interaction as the expression of this protein in mammalian cells was not viable even under code optimization. The validation of this predicted interaction will be a focus of future studies.
In conclusion, the present study revealed that PfTip was a novel invasion-related protein. As inhibition of PfTip protein inhibited malaria parasite invasion and conferred protection, this protein may be considered a candidate vaccine. Identification of the PfTip-binding receptor on the surface of erythrocytes is required in order to understand how PfTip protein aids parasites invading RBCs.
